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Transverse-Momentum Dependent PDFs

๏ The TMD PDFs are sorted according to the nucleon polarization and individual 
polarization of partons.

3
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Drell‒Yan (DY) Angular Distributions
๏ The angular distribution of DY process is an important source of information to 
probe the spin and transverse momentum of partons. 

๏ The LO differential cross-section for single-polarized DY angular distribution is:

dσ
dΩ

∝
3

4π
1

λ + 3 [1 + λ cos2 θCS + μ sin 2θCS cos φCS +
ν
2

sin2 θCS cos 2φCS]

1 INTRODUCTION 3

1 Introduction
In this section we review the general framework of the analysis. First, we define the reference systems
and discuss the expression for the cross section of pion-nucleon Drell-Yan lepton-pair production and the
azimuthal asymmetries. We conclude the section briefly reviewing the results from past measurements of
the unpolarized Drell-Yan asymmetries. In this note we adopt a set of commonly used notations listed
in the Table. 1.

Variable(s) Description
P⇡, PN 4-momenta of the pion, and of the target nucleon

l, l0, q = l + l
0 4-momenta of the lepton, the antilepton and of the virtual photon

ST transverse component of the target polarization in TF
Q

2 = q
2 photon virtuality

Mµµ ⇠
p
Q invariant mass of the dilepton

qT transverse component of the virtual photon momentum
x⇡ = q

2
/(2P⇡ · q) pion Bjorken variable (often referred to as x1)

xN = q
2
/(2PN · q) nucleon Bjorken variable (often referred to as x2)

xF = x⇡ � xN Feynman variable

Table 1: Adopted notations and definition of kinematic variables.

In case of COMPASS the subprocess of the annihilation of quark and antiquark into the lepton-pair
goes through an intermediate virtual photon production (Z0-production is suppressed at COMPASS
energies). The Drell-Yan azimuthal asymmetries are commonly defined using two coordinate systems:
the target rest (TF) and the Collins Soper (CS) virtual-photon rest frame [1, 4]. The frames are sketched
in Fig. 1.1 10
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Figure 1: Reference systems. Left panel: target rest frame. Note that z-axis (x-axis) is chosen along the
beam momentum (along qT ). Right panel: the Collins-Soper frame. The CS-frame is the rest frame of the
virtual photon obtained from the TF frame by boosting first along the z-axis and then along the x-axis
so that both longitudinal and transverse components of the momentum of the virtual photon vanish.

When the polarizations of the produced leptons are summed over, the cross-section of pion-nucleon
Drell-Yan lepton-pair production off a transversely polarized nucleon can be written as [1, 4]:

d�
dq4d⌦
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SIDIS and Single-Polarized Drell‒Yan

5

( )

( ) ( )
( ) ( )
( ) ( )

( ) ( )

 

cos2

sin 2

si

, ,2

 
2

n

sin

sin 3

c
T

s2 o

T

1 cos 2

  sin 2  

sin
   

  S    sin

 sin 3

  S c

1

1 os

h

h

h S

h S

h S

h S

UU T UU L
T h S

h

L h

UU

U

LO

L LL

UT

UT

L

h S

h S

h SUT

LT h

A

A A

A

A

d F F
dxdydzdp

A

A

d d

S S

f

f

f f

f f

f f

f f

e
f f

f

f

e

e l

f f

f f

f f

l

e

e

e

s

f

e

-

+

-

-

µ +

+

+ +

é ù-
ê ú´
ê ú+ + +
ê ú
ê û

-

ú-ë

+

-

+

( )   Sf

ì ü
ï ï
ï ï
ï ï
ï ï
ï ï
í ý
ï ï
ï ï
ï ï
ï ïé ù-ï ïê úë ûî þ

( )

( ) ( )
( ) ( )

2

2

sin

s

s

cos2

sin

sin 2

si

1 2

i

T

n 2

i n

2

2n

1 cos

1 coD

D

s 2

 
   s

 S sin

in

sin 2  S

  s

sin

in 2

2
CS

CS

CS

S

CS S

CS

CS

S

L CS L

LO

U CS

CU

T

T

T

CS

S

S

CS S

CS S

A

d

A

A

A

F
d

A

j

j

j j

j

j

q

jq

s q

j

j

j j

j

j

j

q

-

+

é ù
ë û

é ù
ë û

µ +
W
ì ü+
ï ï
ï ï
ï ïï ï´ é ùí ý

ê úï ï
æ ö-+ ê úï ïç ÷+ê úï ïç ÷+ +ê úï ïè ø þ

+

ë ûî

( )2
2 2

sin
where sin / 1 c sD o

CS
CS CSq
q qé ù

ë û
= +

cos2

sin( )

sin( )

sin(

1 1

1 1

1 1

1 1

1 1

1

3 )

sin 2

cos )
1 1 1

(

...

,

h

h s

h s

h s

h

h s

UU

UT

UT

UT

UL

LL

q h
q

q h
T q

q h
q

q h
T q

q h
L q

q h q h
q LTL T q

h H

f D

h H

h H

h H

g D g

A

A

A D

A

A

A

A

f

f f

f f

f f

f

f f

^ ^

^

^

^ ^

-

+

-

^

-

^

µ Ä

µ Ä

µ Ä

µ Ä

µ Ä

µ Ä µ Ä

+ cos2

sin

si

sin 2
1,

1, 1,p

1, 1

1 ,

n(2 )

sin

,p

1, 1,p

1
(2

p

p

, ,
)

1

CS

S

CS S

CS

CS

S

q q

q q
T

q q

U

T

T

T

q
L

q

q

T

L

q

A h

h h

f f

h h

hA h

h

A

A

A

p

p

p

j

j

j j

j j

j

p

p

^ ^

^

^-

^ ^

+ ^ ^

µ

µ Ä

µ Ä

µ

Ä

Ä

Ä

µ

Semi-Inclusive 
Deep-Inelastic Scattering (SIDIS) Drell–Yan process (DY)

Boer-Mulders

Sivers

Transversity

Pretzelosity

Worm-gear L

SIDIS-DY 
bridge

Double polarized DY only



13 Apr 2021 / 19

COMPASS

Yu-Hsiang Lien 6

Unpolarized Asymmetries

๏ The angular coefficients λ, µ, ν are often referred to as Unpolarized Asymmetries (UAs). 

๏ [LO] In the naïve DY model, virtual photon is produced by the electromagnetic quark-antiquark 

annihilation. ( λ = 1, μ = 0, ν = 0 , because of  ) 

๏ [NLO] The Lam-Tung relation ( 1 − λ = 2ν ) [PRD 18(1978) 2447], valid in NLO(αs) QCD corrections 
➠ non-zero cos 2ϕ dependence.

⃗sq,q̄ =
1
2

Drell-Yan Process with QCD Effect

4

Quark-antiquark annihilation 

Quark-antiquark annihilation Quark-gluon Compton scattering

Drell-Yan Process with QCD Effect

4

Quark-antiquark annihilation 

Quark-antiquark annihilation Quark-gluon Compton scattering

NLO(αs) 
Compton diagram

NLO(αs) 
annihilation diagram

dσ
dΩ

∝
3

4π
1

λ + 3 [1 + λ cos2 θCS + μ sin 2θCS cos φCS +
ν
2

sin2 θCS cos 2φCS]
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Angular Distribution in Pion-induced Drell‒Yan

๏ The Lam-Tung relation was found to be violated in past pion-induced DY experiments. 

๏ Significant discrepancy between pQCD calculations and experimentally measured ν as a 
function of dimuon transverse momentum .qT

NA10: ZPC 31, 513(1986); E615: PRD 39, 92(1989); W-C. Chang, et.al, PRD 99, 014032 (2019)
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Violation of Lam‒Tung Relation

๏ Including NNLO contributions in pQCD violates Lam-Tung relation. 

๏ Opposite sign for Lam-Tung relation from NNLO pQCD calculations and experiments.

8

W-C. Chang, R. E. McClellan, J-C. Peng, O. Teryaev, PRD 99, 014032 (2019)

1 2;: ( : () )s sNNLO O NLO Oa a

4 9 GeV
0.2 0.4F

Q
x

< <
< <

qG

qq̄
qG

qq̄
NA10

4 < Mμμ/(GeV/c2) < 9

0.2 < xF < 0.4
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The Boer‒Mulders Function

๏ An explanation to the cos 2ϕ dependence observed in the DY process was proposed, by 
introducing a non-perturbative TMD Boer‒Mulders function. 

๏ The Boer‒Mulders function h1
⊥ represents a correlation between quark’s intrinsic 

transverse momentum kT and transverse spin ST (transversely polarized quark) in an 
unpolarized hadron.

Boer, PRD 60 (1999) 014012;  S. Bastami, et.al, JHEP 02 (2021) 166
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ν
2
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Figure 8. Acos 2φ

UU as a function of xp (left), xπ (middle) and qT (right) in the COMPASS
kinematics.

A
si
n
2
φ

U
L

xp xπ qT
Figure 9. Asin 2φ

UL as a function of xp (left), xπ (middle) and qT (right) in the COMPASS
kinematics.

Figure structure function TMDs LFCQM SPM phenomenology

5–9 F 1
UU fa

1,p, fa
1,π [54, 59] [50, 51] [26, 41]

5 F sinφS
UT f⊥a

1T,p, fa
1,π [55, 59] [50, 51] [38, 41]

6 F sin(2φ−φS)
UT ha1,p, h⊥a

1,π [54, 59] [50, 51] [38], —

7 F sin(2φ+φS)
UT h⊥a

1T,p, h⊥a
1,π [54, 59] [49, 51] [37], —

8 F cos 2φ
UU h⊥a

1,p, h⊥a
1,π [55, 59] [50, 51] [36], —

9 F sin 2φ
UL h⊥a

1L,p, h⊥a
1,π [54, 59] [50, 51] [39], —

Table 1. Overview on non-perturbative input used to produce the results in figures 5–9 which
was taken from the LFCQM, the SPM, and phenomenological fits (or WW-type approximation in
the case of h⊥a

1L,p). Notice that no phenomenological information is currently available on h⊥a
1,π, cf.

section 2.3.

of this asymmetry the pure model and hybrid calculations yield results in good mutual

agreement. Neglecting sea quarks, it is Asin(2φ−φS)
UT ∝ −h⊥(1)ū

1,π− (xπ)hu1,p(xp) < 0. Both,

h⊥(1)ū
1,π− and hu1,p are positive, see figure 4, and we predict a negative asymmetry. This is

consistent with the trend of the data. We therefore conclude that the COMPASS data [46]

indicate a positive sign for the pion Boer-Mulders TMD h⊥(1)ū
1,π− . (It is important to re-

call that absolute signs in extractions of chiral-odd TMDs and fragmentation functions

are convention-dependent because chiral-odd functions contribute to observables always

in connection with other chiral-odd functions. The convention used for TMD extractions

– 17 –

A
co

s2
φ C

S
U
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Non-Universality of TMD Functions

๏ QCD gluon gauge link (Wilson line) in the 
initial state (DY) v.s. final state 
interactions (SIDIS). 

๏ Fundamental predictions from TMD 
framework of QCD.

10

Sivers | Sivers |DY SIDIS-=

DY SIDIS

To be tested by COMPASS experiment!
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COMPASS/CERN Collaboration

๏ A fixed-target experiment at 
SPS north area. 

๏ 24 participating institutions 
from 13 countries. 

๏ Physics programs: 

‣ Nucleon spin and partonic 
structure. 

‣ Hadron spectroscopy 

‣ TMDs + pion structure 

๏ Taking data since 2002. 

๏ Last run will take place in 2022. 

๏ To be superseded by AMBER 
experiment.

Common Muon and Proton Apparatus for Structure and Spectroscopy (COMPASS)

…

COMPASS

SPS
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Drell‒Yan Program in COMPASS

๏ First ever polarized DY measurements were performed by COMPASS in 2015 and 2018. 

๏ π- beam at 190 GeV/c with average beam intensity 7×107 s-1 from CERN SPS M2 beam line. 

๏ Transversely polarized NH3 target cells (55+55 cm) + Al target (7 cm) + W beam plug (120 cm) 

Figure 2.3: The polarised target system in 2015. The beam enters from the left-
hand side and its path is denoted as the fine dashed line. It passes through two
oppositely-polarised cells filled with polarised material (in yellow). The cells are
surrounded by the refrigerator mixing chamber (in cyan), microwave cavity for
the DNP (in orange), and by the magnet with its cryostat.

field. Combination of the two coils can be used in the frozen-spin mode to rotate
the polarisation from the longitudinal to transverse direction, or to rotate it by
180¶. Such operation is relatively fast (about 30 minutes) as compared to a DNP
polarisation reversal, which takes at least 24 h. This is a great advantage for runs
with longitudinally polarised target. For the transverse runs it is not possible
because the beamline would have to be re-adjusted in order to compensate the
e�ect of the reversed dipole field on the beam, and the DNP polarisation reversal
is a must.

Between 2011 and 2015 the magnet underwent a general refurbishment by
the CERN magnet team. Shorts on two shim coils were repaired and several
design weaknesses were addressed to improve safety and lower service costs. A
pulse tube cryocooler for cooling of thermal screens was added. The magnet
cryostat was instrumented by new temperature sensors and quench detection.
CERN UNICOS [113] is used for monitoring and control of the magnet. Apart from
a local terminal, the measured values are accessible via DIP service [114] over LAN
for the COMPASS detector control system (DCS) as well as for remotely-connected
magnet experts, if needed. The connectivity is illustrated in Fig. 2.5. [108]

2.2.2 The dilution cryostat
A diagram of operation of the 3He–4He dilution cryostat is shown in Fig. 2.4. The
cooling mechanism is based on di�erent properties of the two quantum liquids.

48

 beamπ−
NH3 Polarized Target

Hadron Absorber
SM1 Magnet

SM2 Magnet
Muon Wall 1

Muon Wall 2
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Hadron Absorber

๏ The total length of the hadron absorber 
is 240 cm 

๏ It incorporates 120 cm W beam plug 
and 7 cm Al target.

Al W

Polarized Target

Hadron absorber
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Data Analysis ̶ Background Estimation

๏ Dimuons produced via DY process are mixed with muon pairs from open-charm, 
,  channels and combinatorial background. 

๏ 96% purity of DY in the selected mass region is concluded based on MC studies.
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Verify MC Simulation

๏ Good data/MC agreement is 
achieved for all key kinematic 
distributions!

5 6 7 8
) 2c (GeV/µµM

0

0.5

1

1.5

310×)
 2 c

co
un

ts
 / 

0.
10

 (G
eV

/ preliminaryCOMPASS 2018 W, 
) < 8.5 2c/(GeV/ µµM4.7 < 

LAST-LAST
data
MC

1 2 3
)c (GeV/

T
q

0

1

2

3

310×)c
co

un
ts

 / 
0.

20
 (G

eV
/ preliminaryCOMPASS 2018 W, 

) < 8.5 2c/(GeV/ µµM4.7 < 
LAST-LAST

data
MC

0.2 0.4 0.6 0.8
πx

0

1

2

3

310×

co
un

ts
 / 

0.
05 preliminaryCOMPASS 2018 W, 

) < 8.5 2c/(GeV/ µµM4.7 < 
LAST-LAST

data
MC

0.1 0.2 0.3 0.4 0.5
Nx

0

2

4

6

310×

co
un

ts
 / 

0.
05 preliminaryCOMPASS 2018 W, 

) < 8.5 2c/(GeV/ µµM4.7 < 
LAST-LAST

data
MC

0 0.2 0.4 0.6 0.8
Fx

0

1

2

310×

co
un

ts
 / 

0.
05 preliminaryCOMPASS 2018 W, 

) < 8.5 2c/(GeV/ µµM4.7 < 
LAST-LAST

data
MC



13 Apr 2021 / 19

COMPASS

Yu-Hsiang Lien 16

๏ Preliminary COMPASS results for  tend to deviate from pQCD calculation at large . 
An indication for a presence of a non-zero TMD Boer-Mulders effect. 

๏ Preliminary results are based on ~70% of COMPASS tungsten data collected in 2018.

ν qT

Unpolarized Asymmetries
dσ
dΩ

∝
3

4π
1

λ + 3 [1 + λ cos2 θCS + μ sin 2θCS cos φCS +
ν
2

sin2 θCS cos 2φCS]
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Result of Lam‒Tung Violation

17

๏ COMPASS preliminary results indicate possible violation of the Lam-Tung relation. 

๏ Consistent with results obtained by past pion-induced DY experiments.

σsyst. ≈ σstat.
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Sivers Asymmetry in Drell‒Yan

๏ First COMPASS published results from 2015 run and preliminary results from 2018 
favor the sign change hypothesis! 

๏ Final analysis of combined 2015-2018 data is ongoing.

18

COMPASS, PRL 119 (2017) 112002

sin 0.060 0.057( .) 0.040( .)s
TA stat sysj = ± ±

COMPASS 2015 + 2018 (~50%)

Sign change

No sign change
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Summary and Outlook
๏ COMPASS study the spin and partonic structure of the nucleon via SIDIS and 
Drell-Yan channels employing muon and pion beams impinging on different 
polarized and unpolarized targets. 

๏ In 2017 COMPASS has published the results of Sivers asymmetry from the first 
ever polarized DY measurements. [PRL 119, 112002 (2017)] 

๏ The preliminary results of DY angular distributions from COMPASS tungsten 
data may indicate the presence of TMD Boer-Mulders function. 

๏ Various ongoing analyses: cross-section and EMC-effect, polarization 
(in)dependent asymmetries, J/psi asymmetries etc.

Thank you for your attention!
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Back Up
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ℱ =
1 + λ + ν

3 + λλ̃ =
2λ + 3ν
2 − ν

๏ Rotational invariant quantities (rotated along the y axis):

Rotational Invariant Quantities
P. Faccioli, C. Lourenco, J. Seixas, H. Wohri, Phys. Rev. D 83 (2011) 056008.

๏ Rotational invariant quantities is a good testing ground of overall systematic uncertainties 
of angular analysis.
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